Abstract. Marine shell waste is rich in calcium carbonate (CaCO 3 ), which can be a good source for the synthesis of hydroxyapatite (HAP). HAP is a potential component in bone tissue engineering as it possesses similar elements to bone structure. In this study, three different species of marine shells that are normally found in Malaysia, namely shortnecked clam (Paphia undulate), blood cockle (Anadara granosa) and hard clam (Meretrix lyrata) were used to produce CaCO 3 and HAP. The characterization results indicate that the produced CaCO 3 consists of mainly aragonite polymorph. Subsequently, the produced CaCO 3 was used as the calcium source for the formation of HAP through the wet slurry precipitation method. The results from the analyses on crystallinity, functional group, surface morphology and elemental analysis of the synthesized HAP powders that were obtained through X-ray diffraction (XRD), Fourier-transform infrared (FTIR), scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) have confirmed that HAP is comparable with other studies. Overall, the results obtained through this study indicate that it is possible to produce CaCO 3 and HAP from various marine-based shell waste through greener synthesis routes with less chemicals and reaction time.
Introduction
Molluscs form one of the main protein sources for humans worldwide and are being consumed in various delicacies. In Malaysia, there are several species of molluscs that have high demand among consumers such as short-necked clam, blood cockle and hard clam. The short-necked clam (Paphia undulata) is a marine organism which has a fast-growing rate but short lifespan [1, 2] . Anadara granosa or known as blood cockle is commonly found in intertidal mudflat and has a white-coloured shell [1, 3] . As for hard clam that is also known as Meretrix lyrata has a thick and hard shell which can be found near coastal areas [4] . The world production of molluscs in 2015 alone was recorded around 16 million tonnes [5] . This, however, has led to the generation of abundant shell waste. The shell waste is mostly used in low-value recycling such as in the handicraft industry to produce decorative stuffs like key chains and as a medium-value recycling for building roads and also as bricks for construction [6, 7] . Hence, the shells are still underutilized in various ways and still are considered as waste.
Shell waste is mostly dumped into landfills without any post-treatment due to high-cost disposal procedures such as incineration [8] [9] [10] [11] . The landfills often cause an unpleasant view to the surroundings and emanate nauseating odour. To minimize the negative impacts on the environment, researchers are studying the transformation of shell waste into valuable products such as biomaterials. Biomaterials are synthetic or natural materials, which are suitable in making artificial organs and prostheses or to replace bone or tissue. In fact, seashells consist of abundant calcium carbonate (CaCO 3 ) of more than 95% by weight [12] [13] [14] [15] . It has been previously used as a calcium source for synthesizing hydroxyapatite (HAP) [16, 17] . With the chemical formula Ca 10 (PO 4 ) 6 (OH) 2 , HAP is widely used in biomedical applications mainly as bone replacement, regeneration and dental restoration materials because of its biocompatibility, bioresorption and bioactivity [18] [19] [20] [21] [22] . HAP resembles natural bone and has ability to form chemical bonding with bone structure [23, 24] . To date, the formation of HAP using different types of Malaysian shell waste has been less explored. Therefore, the objectives of this study are to investigate the feasibility of producing HAP using CaCO 3 , using less chemicals and conducted at ambient temperature and pressure, from different types of marine shell waste which are short-necked clam (P. undulate), blood cockle (A. granosa) and hard clam (M. lyrata) to be applied as bone materials. 
Experimental

Materials
The marine shells used in this study were obtained from a local market in Kuantan, Pahang, Malaysia. The only chemical used in this study is potassium dihydrogen phosphate. It was purchased from Sigma-Aldrich (USA) to use as a phosphate source for the formation of HAP. Deionized water (Millipore Elix 5, USA) was used in the entire study.
Production of CaCO 3
The shell waste was boiled in water for 15-20 min to remove organic matters such as fleshes and impurities attached on them. Then, the shells were dried in an oven at a temperature of 110
• C for 2 h. The dried shells were then crushed into powder by using a grinder (Retsch ZM200, Germany) and sieved over a set of clean test sieve (Retsch AS200, Germany) with sizes between 63 and 71 µm to obtain CaCO 3 . 
2.2a Synthesis of HAP:
The wet slurry precipitation method was used to synthesize HAP based on a study by Shariffuddin et al [16] . The synthesis of HAP was started by converting CaCO 3 into calcium oxide through calcination in a muffle furnace at 800
• C for 3 h. The calcination process improved the homogeneity and surface area of HAP [25] . Then, calcium oxide was dissolved in deionized water and stirred overnight to produce calcium hydroxide. Later, potassium dihydrogen phosphate solution was added dropwise into calcium hydroxide using a peristaltic pump (Longerpump BT300-2J, China). The mixture was stirred at 500 rpm for 5 h at room temperature. The pH measurements ensured pH to be around 12 using a pH metre (Mettler Toledo, Switzerland). After the reaction was complete, the mixture was centrifuged to remove the liquid portion and the resultant solid was rinsed with a sufficient amount of deionized water. The resultant solid known as HAP was then dried in an oven at 110
• C overnight to obtain a powder form. There were six different types of powders produced in this study as stated in table 1.
2.2b Physicochemical characterization of synthesized powders:
The physicochemical analyses of powders produced were performed using X-ray diffraction (XRD), Fourier-transform infrared (FTIR), thermogravimetric analysis (TGA) and scanning electron microscopy (SEM) along with energy-dispersive X-ray (EDX) techniques. The XRD analysis was carried out using an X-ray powder diffractometer (Rigaku MiniFlex II, Japan) in order to assess the phases, crystallinity and purity of the powders. Scans were carried out in the range of 2θ from 20 to 80
• with a step size of 0.02
• at 1 s interval. FTIR (Thermo Fisher Nicolet iS5, USA) with a diamond-attenuated total reflectance (ATR) system over a range of 400−4000 cm −1 was used to identify functional groups in the powders. The decomposition patterns of raw shell powders were analysed using a TGA analyzer (TGA Q500 Thermal Analysis System, USA). The temperature range was set between 14 and 900
• C. Nitrogen gas was used during the analysis with a flow rate of 40 ml min −1 at a 5
• C min −1 heating rate and the percentage of weight loss was recorded. The morphology and elemental analysis of the powders were observed using an SEM with EDX (Hitachi TM3030 Plus, Japan). The samples were sputter coated with platinum to prevent charging during the analysis process.
Results and discussion
Production of CaCO 3
The XRD patterns of all raw shell powders, i.e., R-SP, R-CP and R-HP are shown in figure 1 . The peaks were identified by comparing with the standard diffraction data in JCPDS files for aragonite (card no. 41-1475) and calcite (card no. 05-0568). Most of the peaks for all raw shell powders were identified as aragonite crystal structures, a less stable polymorph of CaCO 3 . However, there are a few calcite peaks that appeared in the XRD patterns for R-SP and R-HP. Aragonite is the most abundant biogenic crystal that is produced selectively by mineralized organisms [26] . The aragonite crystal often comes in a mixture of aragonite and calcite [27, 28] . are corresponded to the C-O bond that represents aragonite. These FTIR results are in agreement with the XRD results where the major components in raw marine shells are aragonite crystals. These similar findings were reported previously by other studies and the corresponded C-O bond was indicated as aragonite polymorph [29, 30] . Aragonite is metastable at atmospheric pressure and it has strong mechanical strength, density and biocompatibility [29] [30] [31] .
The TGA results of R-SP are shown in figure 3 . A similar trend of TGA results for R-CP and R-HP was not shown. The raw seashells mostly made up of CaCO 3 start to decompose and transform to calcium oxide when temperature increases.
Figure 8. SEM micrographs of raw shell powders: (a) H-SP, (c) H-CP and (e) H-HP at 500× magnification and (b) H-SP, (d) H-CP and (f) H-HP at 3000× magnification.
The results from the decomposition of the shells show that two different decomposition phases were observed. The first decomposition phase can be seen at the temperature around 200
• C where the mass of the powder started to reduce. The second decomposition phase began at temperature 570
• C. The first decomposition involved the loss of moisture and the breakdown of organic matter in the seashells and similar findings were also reported by Islam et al [29] , Shariffuddin et al [16] and Wang et al [32] . The second decomposition transformed CaCO 3 to calcium oxide and carbon dioxide as calcination occurs approximately at 600
• C as reported by Mohamed et al [12] and Abanades [33] and the volatile compounds attempt to escape from the sample powders [12] . The mass loss during the calcination process for R-SP, R-CP and R-HP was 42.16, 42.9 and 44.13%, respectively. These TGA results are in agreement with the results of Stanmore and Gilot [34] , where the weight of calcium oxide was only 56% of its original carbonate form which equals to 44% mass loss. Hence, the TGA results were proven to be reliable.
SEM micrographs of powders derived from raw marine shells are shown in figure 4 in two different magnifications-500× and 3000×. Generally, the crystal structures of all samples varied in shapes. These findings are consistent with those previous studies by Olson et al [35] , Addadi et al [36] and Chateigner et al [37] , where the structural shapes of mollusc shells can be formed into prismatic rods, layered sheets, bristly mats and soft, rounded hexagons.
The results of EDX analyses are shown in figure 5 demonstrating that all powders possess similar elements such as carbon, calcium and oxygen and are in agreement with the XRD and FTIR results shown in figures 1 and 2, respectively. All elements belong to CaCO 3 except for platinum which comes from the sample coating element. Similar results were reported by Jones et al [8] , Suteu et al [10] and Kamba et al [38] where the main elements of raw shells detected through EDX were carbon, calcium and oxygen.
Formation of HAP
The XRD patterns of H-SP, H-CP and H-HP shown in figure 6 confirm that HAP was produced by comparing the peaks with the results obtained by Wang et al [39] , Al-Qasas and Rohani [40] and Koutsopoulos [41] . The standard diffraction data JCPDS file for HAP used in this study is 64-0738. The XRD patterns of H-SP, H-CP and H-HP are almost identical except that there was a small trace of CaCO 3 in the form of calcite in HAP derived from undulated surf clams (H-SP) as indicated in figure 6a. It can be observed that all peaks were broad and did not have sharp edges indicating poor crystallinity of HAP [40, 42] . The poor crystallinity of HAP is possibly due to the substitution of carbonate in the HAP structure which can inhibit the crystal growth due to the presence of lattice defects in the apatite structure [43, 44] . The amorphous characteristic has been proven to be favourable for biomedical applications due to its bioresorbability and biocompatibility [45, 46] . The FTIR spectra of H-SP, H-CP and H-HP are shown in figure 7 . The sharp peaks around 1020, 957, 573 and 560 cm −1 represent the PO 4 groups of the apatite structure while the weak band around 1400−1450 cm −1 indicates the presence of unreacted calcite in the samples or the adsorption of carbon dioxide from the atmosphere during the preparation of HAP [39, 47, 48] . The presence of carbonate is beneficial for biomedical application as it could increase the biocompatibility and bioresorbability of HAP [19, 45, 46] . Although calcite was not detected by XRD analysis (figure 6b and c) for H-CP and H-HP, the FTIR spectra still show the presence of the C-O bond. This might indicate that the amount of carbonate was very scarce to the extent that it was unable to be detected by XRD. In addition, the XRD detection limit is reported to be around 5-10% [49] .
The surface morphologies of H-SP, H-CP and H-HP are shown in figure 8 with low and high magnifications. The produced HAP powder was agglomerated and being crushed using a pestle and mortar. This has resulted in non-spherical particles of the powder. The HAP crystal structures derived from the three types of shells have no regular structures. The irregular morphology is in agreement with studies performed by Khiri et al [17] , Dey et al [50] and Bogdanoviciene et al [51] .
The EDX results shown in figure 9 confirmed that all HAP powders contain calcium, carbon, oxygen and phosphorus. These elements corresponded to the XRD patterns shown in figure 6 , which illustrated the HAP peaks in each type of shell. The FTIR results in figure 7 also show the presence of phosphate groups in the powders. However, the traces of potassium peaks were observed in all samples. Potassium most probably originated from the potassium dihydrogen phosphate solution that was used as the phosphate source [16] . Alternatively, the potassium content could be eliminated by sufficiently rinsing with deionized water. In addition, the existence of platinum peaks was detected because of the coating used in the analysis.
The Ca/P ratios of H-SP, H-CP and H-HP were 2.1, 2.0 and 1.75, respectively. By comparing with the theoretical Ca/P ratio (1.67), HAP obtained in this study possessed higher Ca/P values. This result can be attributed to the XRD and FTIR results shown in figures 6 and 7, respectively, where the traces of carbonate are still present in the samples. Previous studies have confirmed that the presence of carbonate in HAP has made the Ca/P value higher than 1.67 [17, 52, 53] .
Conclusions
This study has successfully enabled to transform marine shell waste into biomaterials such as CaCO 3 and HAP using a greener route conducted at ambient temperature and pressure with less chemicals and short reaction time. All synthesized powders from different types of shells exhibited similar characteristics upon producing CaCO 3 and HAP as indicated by XRD, FTIR, SEM and EDX analyses. These CaCO 3 and HAP produced from marine shell waste have potential in biomaterials for bone tissue engineering. Overall, this study indicates that the use of marine shell waste will not only reduce environmental pollution but also serve as low-cost biomaterial sources for bone materials.
